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Forming 3 o~haloaikyi acetate 324 from an g-hydroxyl—oa-— Ve 301
naloalkane 320 and acetic anhydride 322,

U0

Forming 2 {o—aceioxyalloyl) triphenviphosphonium bromide 328 from 302
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i

Forming a ov--{d-chiloro-3-nitrophenyijalk-yr-enyl acetate 334 from 303

328, d-chioro-3-nitrebenzaldehyvde 338 and a base 332,
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Farming a polymer having a polymeric backbone and a plurality of phenothiazine groups bhonged
o the polyrmeric backbone 1154, from a compound having a piurality of epoxide grougs 1149,
and a mixturs of 1138 and 1132

FIG. 11
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POLYMER COMPRISING A PLURALITY OF
PHENOTHIAZINE GROUPS AND METHODS
OF MAKING THE SAME

REFERENCE TO RELATED APPLICATIONS

This application 1s a divisional of U.S. patent application
Ser. No. 14/963,908 entitled “Polymer Comprising A Plu-
rality Of Phenothiazine Groups And Methods Of Making
The Same,” filed Dec. 9, 2015 now U.S. Pat. No. 9,505,884,
which 1s a divisional of U.S. patent application Ser. No.
14/259,408 entitled “Polymer Comprising A Plurality of
Phenothiazine Groups and Methods Of Making The Same,”
filed Apr. 23, 2014 now U.S. Pat. No. 9,238,717, which 1s a
divisional of U.S. patent application Ser. No. 13/116,427
entitled “Polymer Bonded Redox Molecules And Methods
Of Making The Same,” filed May 26, 2011 and issued as
U.S. Pat. No. 8,742,063, which claims the benefit of U.S.
Provisional Application No. 61/349,469 entitled “Polymer
Bonded Redox Molecules And Methods Of Making The

Same” filed May 28, 2010, all of which are incorporated by
reference in their entireties.

BACKGROUND

Biosensors usually analyze a sample of a biological fluid,
such as whole blood, urine, or saliva. Samples are compo-
sitions that may contain an unknown amount of analyte.
Typically, a sample 1s in liquid form and 1s an aqueous
mixture. A sample may be a derivative of a biological
sample, such as an extract, a dilution, a filtrate, or a
reconstituted precipitate. A biosensor usually determines the
concentration of one or more analytes, a substance present
in the sample, such as ketones, glucose, uric acid, lactate,
cholesterol, or bilirubin. An analysis determines the pres-
ence and/or concentration of the analyte in the sample. The
analysis 1s useful 1n the diagnosis and treatment of physi-
ological abnormalities. For example, a diabetic individual
may use a biosensor to determine the glucose level 1n blood
for adjustments to diet and/or medication.

A biological fluid may be obtained using a variety of
methods. In one example of an invasive method, a lancet 1s
used to pierce a user’s skin to draw a biological tluid sample,
such as blood. This sample 1s then analyzed with a biosensor
external to the skin to determine the concentration of an
analyte, such as glucose, 1 the sample. One disadvantage of
this method 1s that the user’s skin must be pierced each time
an analyte concentration reading 1s desired.

One alternative to such an mnvasive method 1s to implant
a biosensor under the user’s skin. This method can allow for
multiple analyte concentration readings to be obtained with-
out making a new puncture in the skin for each reading. In
addition, the analyte concentration may be monitored at
regular intervals without any action required by the user.
Thus, implantable biosensors may offer improvements 1n
user compliance and 1n the amount of information provided.

Many biosensors measure an electrical signal to deter-
mine the analyte concentration 1n a sample of the biological
fluid. The analyte typically undergoes an oxidation/reduc-
tion (redox) reaction when an excitation signal 1s applied to
the sample. A redox reaction includes oxidation and reduc-
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tion half-cells. The oxidation half-cell of the reaction
involves the loss of at least one electron by the first species.
The reduction haltf-cell involves the addition of at least one
clectron to the second species. The 1onic charge of a species
that 1s oxidized 1s made more positive by an amount equal
to the number of electrons removed. Likewise, the 1onic
charge of a species that 1s reduced 1s made less positive by
an amount equal to the number of electrons gained.

In electrochemical sensor systems, a test excitation signal
initiates the redox reaction of the analyte in the sample of the
biological fluid. The test excitation signal usually 1s an
clectrical signal, such as a current or potential, and may be
constant, variable, or a combination thereof such as when an
AC signal 1s applied with a DC signal oflset. The test
excitation signal may be applied as a single pulse or 1n
multiple pulses, sequences, or cycles. The redox reaction
generates a test output signal in response to the excitation
signal. The output signal usually 1s another electrical signal,
such as a current or potential, which may be measured and
correlated with the concentration of the analyte in the
sample. The output signal may be measured constantly or
periodically during transient and/or steady-state output.
Various electrochemical processes may be used such as
amperometry, coulometry, voltammetry, gated amperom-
etry, gated voltammetry, and the like.

An enzyme or similar species may be used to enhance the
redox reaction of the analyte. The enzyme may be an analyte
specific enzyme, such as glucose oxidase or glucose dehy-
drogenase, which catalyze the oxidation of glucose in a
whole blood sample.

A mediator may be used to maintain the oxidation state of
the enzyme. A mediator 1s a substance that may be oxidized
or reduced and that may transfer one or more electrons. A
mediator 1s a reagent and 1s not the analyte of interest, but
provides for the indirect measurement of the analyte. More
simply, the mediator undergoes a redox reaction 1n response
to the oxidation or reduction of the analyte. The oxidized or
reduced mediator then undergoes the opposite reaction at an
clectrode and 1s regenerated to 1ts original oxidation number.

The mediator 1n an electrochemical biosensor may be a
one electron transier mediator or a multi-electron transfer
mediator. One electron transfer mediators are chemical
moieties capable of taking on one additional electron during
the conditions of the electrochemical reaction. One electron
transier mediators include compounds, such as 1,1'-dimethyl

terrocene, ferrocyanide and ferricyanide, and ruthenium(III)
and ruthemum(Ill) hexaamine. Multi-electron transfer
mediators are chemical moieties capable of taking on more
than one electron during the conditions of the reaction.
Multi-electron transier mediators include two electron trans-
ter mediators, such as the organic quinones and hydroqui-
nones, including phenanthroline quinone; phenothiazine and
phenoxazine derivatives; 3-(phenylamino)-3H-phenox-
azines; phenothiazines; and 7-hydroxy-9,9-dimethyl-9H-
acridin-2-one and 1ts derivatives. Two electron transier

mediators also include the electro-active organic molecules

described 1in U.S. Pat. Nos. 5,393,615, 5,498,542 and 5,520,
786.

Two electron mediators may have redox potentials that
are at least 100 mV lower, more preferably at least 150 mV
lower, than ferricyanide. Two electron transier mediators
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include 3-phenylimino-3H-phenothiazines (PIPT) and

3-phenylimino-3H-phenoxazines (PIPO). Two electron
mediators also mnclude the carboxylic acid or salt, such as
ammonium salts, of phenothiazine derivatives. Two electron
mediators further include (E)-2-(3H-phenothiazine-3-ylide-
neamino )benzene-1,4-disulfonic acid (Structure A), (E)-5-

(3H-phenothiazine-3-ylideneamino jisophthalic acid (Struc-
ture B), ammonium (E)-3-(3H-phenothiazine-3-
ylideneamino)-3-carboxybenzoate (Structure C),
combinations thereof. The structural formulas of these

and

mediators are presented below. While only the di-acid form
of the Structure A mediator 1s shown, mono- and di-alkali
metal salts of the acid are included. The sodium salt of the
acid may be used for the Structure A mediator. Alkali-metal
salts of the Structure B mediator also may be used.

Structure A
SOszH
\ X =
NN N
SOs;H
Structure B
COOH
O Q
7 COOH
Structure C
COO"
‘/\/N\/\ )\‘ N
N N XN NN oo

One drawback to the use of implantable electrochemical
biosensors 1s that one or more of the reagents of the
biosensor may be released 1nto the biological sample during,
the analysis. Thus, one or more of the reagents, such as a
mediator, may leach from the biosensor into the bodily fluid
of the user. Leaching of reagents from the biosensor over
time can result in decreased accuracy of the readings
obtained from the biosensor. In addition, the reagents may
cause undesirable physiological efliects if they are released
into the patient at a level or rate that 1s too large.

Mediators bonded to polymers have been investigated as
possible non-leaching mediators in electrochemical biosen-
sors; however, these systems have met with mixed success.
Polymer bonded mediators may have insuflicient reactivity
in a redox reaction 1n response to the oxidation or reduction
of the analyte. Some polymer bonded mediators include
transition metals, which could be harmful if released into the
bodily fluid of the user.

Accordingly, 1t would be desirable to have reagents for
clectrochemical biosensors that do not substantially leach
into the biological fluid of the patient. Preferably such
non-leaching mediators would be effective 1n transierring

10

15

20

25

30

35

40

45

50

55

60

65

4

clectrons between the analyte and the electrodes and/or 1n
maintaining the oxidation state of the enzyme.

SUMMARY

In one aspect, the invention provides a polymer that
includes a polymeric backbone and a plurality of phenothi-

azine groups bonded to the polymeric backbone. The plu-
rality of phenothiazine groups includes at least one of a

phenothiazine group having the general formula (IV):

(IV)

N N N Y
AN NN
/ SO,H
HOgS/\

and salts thereol, where n 1s about 9 and “R” represents the

polymeric backbone to which the phenothiazine group 1s
bonded, and a phenotluazine group having the general

formula (V):

(V)
N\ \/\%R
S N X
/ SO3H
HO3S/\

and salts thereot, where n 1s about 9 and “R” represents the

polymeric backbone to which the phenothiazine group 1s
bonded.

In another aspect, the invention provides a method of
making the above polymer. The method includes forming
the polymer from a polymer having a precursor polymeric
backbone and a plurality of nucleophilic side groups bonded
to the precursor polymeric backbone, and a mixture of
2-(8-(¢-haloalkyl)-3H-phenothiazin-3-ylideneamino)ben-
zene-1,4-disulfonic acid and 2-(2-(w-haloalkyl)-3H-phe-

nothiazin-3-ylideneamino )benzene-1,4-disulfonic acid.

In another aspect, the mvention provides a method of
making the above polymer. The method includes forming
the polymer from a compound having a plurality of epoxide
groups, and a mixture of 2-(8-(w-(bis(w-hydroxyalkyl)
amino)alkyl)-3H-phenothiazin-3-ylideneamino )benzene-1,
4-disulfonic acid and 2-(2-(w-(bis(mw-hydroxyalkyl)amino)

alkyl)-3H-phenothiazin-3-ylideneamino )benzene-1,4-

disulfonic acid.
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In another aspect, the invention provides a polymer hav-
ing the general formula (VI):

(VD)
SO;H

HO;S

Sg\«?Hz)*: i :
COH COM

dy L -y
-
CO,H
HNH 0
S

S SN

HO;S

SO3H

and salts thereof; where n 1s about 9, x and y independently
are an iteger from 1 to 100,000, and z 1s an integer from O

to 100,000.

In another aspect, the mvention provides a method of
making the above polymer. The method includes forming
the polymer from poly(f-carboxyl-v-(2-mercaptoethyl)car-
bamoyl-butene), and a mixture of 2-(8-(w-haloalkyl)-3H-
phenothiazin-3-ylideneamino)benzene-1,4-disu. acid
and 2-(2-(w-haloalkyl)-3H-phenothiazin-3-vlideneamino)

benzene-1,4-disulfonic acid.

fonic

/O

| (H2C)H

HO5S

SO;H
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In another aspect, the invention provides a polymer hav-
ing the general formula (VII):

(VID)
SO;H

L

_ H3 \ /7(CH2)H

HO;S

Br® YNt NH+

/\' i "
H;C \

CH CI
(CHz)H\Oi j;j\

HO3S

SO;H

and salts thereof; where n 1s about 9, x and y independently
are an integer from 1 to 10,000, and z 1s an integer from 0
to 10,000.

In another aspect, the mmvention provides a method of
making the above polymer. The method includes forming
the polymer from poly(diallylmethylamine), and a mixture
of  2-(8-(w-haloalkyl)-3H-phenothiazin-3-ylideneamino)
benzene-1,4-disulfonic acid and 2-(2-(mw-haloalkyl)-3H-phe-
nothiazin-3-ylideneamino)benzene-1,4-disulfonic acid.

In another aspect, the invention provides a polymer hav-
ing the general formula (VIII):

(VII)
OH

OH
O\/I\/Q R’W
L(CHz)ﬁ-

\/\/ ~
N

\

/
\
4

NF

HO;S

X

A\

SO;H
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and salts thereof, where R' 1s an organic group, where m 1s
0 or 1, where n 1s about 9, and where x and y independently
are an integer from 1 to 10,000.

In another aspect, the mvention provides a method of
making the above polymer. The method includes forming
the polymer from a diepoxyalkane, and a mixture of 2-(8-
(w-(bis(w-hydroxyalkyl)amino)alkyl)-3H-phenothiazin-3-
ylideneamino )benzene-1,4-disulfonic acid and 2-(2-(w-(bis
(w-hydroxyalkyl)amino)alkyl)-3H-phenothiazin-3-
ylideneamino)benzene-1,4-disulfonic acid.

The scope of the present invention 1s defined solely by the
appended claims and 1s not aflected by the statements within
this summary.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention can be better understood with reference to
the following drawings and description. The components 1n
the figures are not necessarily to scale and are not intended
to accurately represent molecules or their interactions,
emphasis instead being placed upon illustrating the prin-
ciples of the mvention. Moreover, in the figures, like refer-
enced numerals designate corresponding parts throughout
the different views.

FIGS. 1A and 1B depict graphs illustrating output cur-
rents from mediator reduction 1 response to an input
potential.

FIG. 2 depicts a graph illustrating output currents from
mediator reduction 1n response to an mput potential when
the mediator 1s 1n a mixture containing glucose and glucose
dehydrogenase.

FIG. 3 depicts a method for making a composition includ-
ing at least one compound having the general formula (I) or
(1I).

FI1G. 4 depicts chemical structures, reaction schemes and
product yields for a method of making a composition
including a mixture of a first compound having the general
formula (I), and a second compound having the general
formula (II), where X 1s bromine and each compound 1is
present as the disodium salt.

FIGS. 5A and 5B depict graphs illustrating output cur-
rents from mediator reduction 1 response to an input
potential.

FIG. 6 depicts a method for making a compound having,
the general formula (I11I).

FIG. 7 depicts chemical structures and reaction schemes
for a method of making a compound having the general
tformula (III), where X 1s bromine and the compound 1is
present as the disodium salt.

FIGS. 8A and 8B depict graphs illustrating output cur-
rents from mediator reduction 1 response to an input
potential.

FIG. 9 depicts a method for making a polymer.

FIGS. 10A and 10B depict chemical structures and reac-
tion schemes for methods of making a composition that
includes a polymer having the general formula (VI) (FIG.
10A) or a polymer having the general formula (VII) (FIG.
10B).

FI1G. 11 depicts a method for making a method for making
a composition including at least one compound having the
general formula (IX) or (X), and a method for making a
polymer.
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FIG. 12 depicts chemical structures and reaction schemes
for a method of making a composition that includes a
polymer having the general formula (VIII).

FIG. 13 depicts examples of polymer bondable mediators
having terminal functional groups other than halogen.

FIG. 14 depicts examples of polymerizable mediators
having terminal functional groups other than halogen.

DETAILED DESCRIPTION

A non-leaching mediator includes a compound or a mix-
ture of compounds that 1s not substantially released into a
biological sample, but that may be oxidized or reduced, and
may transfer one or more e¢lectrons from the sample to an
clectrode of a biosensor. A non-leaching mediator also
includes a polymer having a polymeric backbone and a
plurality of functional groups bonded to the polymeric

backbone, where the functional groups may be oxidized or
reduced, and may transier one or more electrons from the
sample to an electrode of a biosensor.

The non-leaching mediator has suflicient solubility in the
sample to provide for the indirect measurement of the
analyte, undergoing a redox reaction in response to the
oxidation or reduction of the analyte. The oxidized or
reduced mediator responsive to the analyte concentration of
the sample then undergoes the opposite redox reaction at the
working electrode of the biosensor and is regenerated to its
original oxidation number. A measuring device may corre-
late the electrons flowing through the working electrode
with the analyte concentration of the sample.

A non-leaching mediator may have suthicient solubility to
provide for the mdirect measurement of the analyte, even 11
the entire mediator does not dissolve fully 1n the sample. For
example, a non-leaching mediator may include a functional
group that may be oxidized or reduced, and this functional
group may be solubilized by the sample while at least a
portion of the remainder of the mediator 1s not solubilized 1n
the sample.

A non-leaching mediator compound may have the general
formula (I):

()

SO3H

R

HO;S

and salts thereof, where n 1s about 9, X 1s a halogen, and X
1s preferably bromine.

The term “‘salts thereof” means a compound 1n which the
—H atoms of one or both of the —SO,H groups 1s replaced
with a cation independently selected from the group con-
sisting of alkali metal 1ons, alkaline earth metal 1ons and

ammonium 1ons. The term “halogen” means —F, —CI,
—Br or —1.




US 9,944,725 B2

9

A non-leaching mediator compound may have the general
formula (II):

(1)

/l\ _SOsH
\

HO3S/\/

and salts thereof, where n 1s about 9, X 1s a halogen, and X
1s preferably bromine.

A non-leaching mediator composition may include a
mixture of a first compound having the general formula (I)
and salts thereol, and a second compound having the general
formula (II) and salts thereof, where X 1s pretferably bro-
mine.

FIGS. 1A and 1B depict graphs illustrating output cur-
rents from mediator reduction 1 response to an input
potential. The mediator was a composition including a 3:2
molar mixture of a first compound having the general
formula (I), and a second compound having the general
formula (II), where X 1s bromine and each compound 1is
present as the disodium salt. A 5 mm glassy carbon electrode
served as a working electrode (WE), Ag/AgCl as a reference
clectrode (RE), and platinum gauze as a counter electrode
(CE). In FIG. 1A, the mediator composition was present at
a concentration of 1 mg/mlL 1n a mixture containing 10 mM
PBS butler (pH 7.4), and the input potential was scanned
between —200 mV and 200 mV vs. Ag/AgCl. In FIG. 1B, the
mediator composition was present at a concentration of 1
mg/ml 1n a mixture containing 100 mM PBS (pH 7.0) and
100 mM NaCl bufler solution, and the input potential was
scanned between —100 mV and 200 mV vs. Ag/AgCl. The
rate ol change of the mput potential was varied from 10
mV/s to 800 mV/s, as indicated in FIGS. 1A and 1B.
Referring to FIG. 1B, when the scan rate was less than 50
mV/s, the oxidative and reductive peak separation was
around 30-40 mV. This separation indicates that the reduc-
tion of this composition was a two-electron process, which
1s close to the theoretical limit of Nernstian behavior at 60
mV/2e.

The redox potential of the mediator composition of FIGS.
1A and 1B was about -3 mV vs. Ag/Ag(Cl 1n the 10 mM PBS
bufler (pH 7.4), and was about 40 mV vs. Ag/AgCl 1n the
mixture of 100 mM PBS (pH 7.0) and 100 mM NaCl butier.
These redox potentials are similar to that of the conventional
mediator  (E)-2-(3H-phenothiazine-3-ylideneamino)ben-
zene-1,4-disultfonic acid (Structure A), which 1s =50 mV vs.
Ag/Ag(Cl.

The open circuit voltage between the WE and the RE also
was measured for the mediator composition of FIGS. 1A and
1B. The open circuit voltage 1s a measure of the redox state
of the mediator. The open circuit voltage of the mixture was
59 mV vs. Ag/AgCl m the 10 mM PBS bufler, which
suggests that the mediator was 1n 1ts oxidized state after
synthesis.
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FIG. 2 depicts a graph illustrating output currents from
mediator oxidation 1n response to an iput potential when
the mediator 1s 1n a mixture containing glucose and glucose
dehydrogenase. The mediator was the composition used 1n
FIGS. 1A and 1B. A 5 mm glassy carbon electrode served as
a WE, Ag/Ag(Cl as a RE, and platinum gauze as a CE. The
composition was present at a concentration of 2 mg/mlL 1n
a mixture containing 10 mM PBS bufler (pH 7.4), and the
input potential was 100 mV vs. Ag/ Ag(Cl. The output current
increased as the glucose concentration increased from O to
1.2 mM 1n the mixture. Thus, the composition may be used
as a mediator for the redox reaction correlating the glucose
concentration in a sample with an electrical signal.

FIG. 3 depicts a method 300 of making a composition
including at least one compound having the general formula
(I) or (II) and salts thereof. The method 300 includes
forming 301 a w-haloalkyl acetate 324 from an o.-hydroxyl-
m-haloalkane 320 and acetic anhydride 322; forming 302 a
(w-acetoxyalkyl) triphenylphosphonium bromide 328 from
the w-haloalkyl acetate 324 and triphenyl phosphine 326;
tforming 303 a w-(4-chloro-3-nitrophenyl)alk-y-enyl acetate
334 from the (w-acetoxyalkyl) triphenylphosphonium bro-
mide 328, 4-chloro-3-nitrobenzaldehyde 330 and a base
332; forming 304 a w-(4-(2-bromophenylthio)-3-nitrophe-
nyl)alk-y-enyl acetate 340 from the w-(4-chloro-3-nitrop-
henyl) alk-1-enyl acetate 334, 2-bromobenzenethiol 336
and a base 338; forming 305 a w-(3-amino-4-(2-bromophe-
nylthio)phenyl)alk-W-enyl acetate 346 from the w-(4-(2-
bromophenylthio)-3-nitrophenyl)alk-1p-enyl acetate 340,
iron 342 and ammonium chloride 344; forming 306 a
w-(wH-phenothiazin-2-yl)alk-1-enyl acetate 354 from the
m-(3-amino-4-(2-bromophenylthio)phenyl)alk-y-enyl
acetate 346, copper 10dide 348, copper 350 and a base 352;
forming 307 a w-(H-phenothiazin-2-yl)alkyl acetate 360
from the w-(wH-phenothiazin-2-yl)alk-1-enyl acetate 354,
molecular hydrogen 356 and palladium-carbon 358; forming
308 a w-(wH-phenothiazin-2-yl)alkan-c.-ol 366 from the
w-(wH-phenothiazin-2-yl)alkyl acetate 360, an alcohol 362
and an acid 364; forming 309 a 2-(w-haloalkyl)-wH-phe-
nothiazine 372 from the w-(wH-phenothiazin-2-yl)alkan-o.-
ol 366, carbon tetrahalide 368 and triphenyl phosphine 370;
and forming 310 a mixture of 2-(8-(w-haloalkyl)-3H-phe-
nothiazin-3-ylidenecamino)benzene-1,4-disulfonic acid 376
and 2-(2-(w-haloalkyl)-3H-phenothiazin-3-ylideneamino)
benzene-1,4-disulfonic acid 378 from the 2-(w-haloalkyl)-
wH-phenothiazine 372, 2-aminobenzene-1.,4-disulfonic acid
373 and Na,S,0O, 374. Products 376 and 378 are examples
of compounds having the general formula (I) and (II),
respectively.

FIG. 4 depicts chemical structures, reaction schemes and
product yields for a method 400 of making a composition
including a mixture of a first compound having the general
formula (I), and a second compound having the general
formula (II), where X 1s bromine and each compound 1is
present as the disodium salt. Method 400 includes forming
9-bromononyl acetate 424 from 9-halononan-1-ol 420 and
acetic anhydride 422; forming (9-acetoxynonyl)triphenyl-
phosphonium 428 from 9-bromononyl acetate 424 and tri-
phenyl phosphine 426; forming 10-(4-chloro-3-nitrophenyl)
dec-9-enyl  acetate 434  from = (9-acetoxynonyl)
triphenylphosphonium 428, 4-chloro-3-mitrobenzaldehyde
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430 and sodium bis(trimethylsilyl)amide (NaHMDS) 432;
forming  10-(4-(2-bromophenylthio)-3-nitrophenyl)dec-9-
enyl acetate 440 from 10-(4-chloro-3-nitrophenyl)dec-9-
enyl acetate 434, 2-bromobenzenethiol 436 and K,CO, 438;
forming 10-(3-amino-4-(2-bromophenylthio)phenyl)dec-9-

enyl acetate 446 from 10-(4-(2-bromophenylthio)-3-nitrop-
henyl)dec-9-enyl acetate 440, iron 442 and ammonium
chloride 444; forming 10-(10H-phenothiazin-2-yl)dec-9-
enyl acetate 454 from 10-(3-amino-4-(2-bromophenylthio)
phenyl)dec-9-enyl acetate 446, copper 10dide 448, copper
450 and K,CO, 438; forming 10-(10H-phenothiazin-2-yl)
decyl acetate 460 from 10-(1 OH-phenothiazin-2-yl)dec-9-
enyl acetate 454, molecular hydrogen 456 and palladium-
carbon 438; forming 10-(1 OH-phenothiazin-2-yl)decan-1-
ol 466 from 10-(10H-phenothiazin-2-yl)decyl acetate 460,
cthanol 462 and HCI 464; forming 2-(10-bromodecyl)-1
OH-phenothiazine 472 from 10-(10H-phenothiazin-2-yl)de-

can-1-o0l 466, carbon tetrabromide 468 and triphenyl phos-

phine 470; and forming a mixture of 2-(8-(10-bromodecyl)-
3H-phenothiazin-3-ylideneamino ))benzene-1,4-disulfonic

acid 476 and 2-(2-(10-bromodecyl)-3H-phenothiazin-3-
ylideneamino)benzene-1,4-disulfonic acid 478 from the
2-(10-bromodecyl)-1 OH-phenothiazine 472, 2-aminoben-
zene-1,4-disulfonic acid 473 and Na,S,O, 474. Products

4’76 and 478 are examples of compounds having the general

formula (I) and (II), respectively.

A non-leaching mediator compound may have the general
formula (I1I):

(I1T)
‘/\/N\/\/ Nor
N N NN

SO;H

HO;S

and salts thereof, where n 1s about 8, X 1s a halogen, and X
1s preferably bromine.

FIG. 5A and FIG. 5B depict graphs illustrating output
currents from mediator reduction 1n response to an input
potential. The mediator was a compound having general
tormula (III), where X 1s bromine. A 5 mm glassy carbon
clectrode served as a WE, Ag/Ag(Cl as a RE, and platinum
gauze as a CE. In FIG. 5A, the mediator was present at a

concentration of 1 mg/mL 1n a mixture containing 10 mM

PBS buller (pH 7.4), and the input potential was scanned
between —200 mV and 200 mV vs. Ag/AgCl. In FIG. 5B, the
mediator was present at a concentration of 1 mg/mL 1n a
mixture containing 100 mM PBS (pH 7.0) and 100 mM
NaCl bufler solution, and the mmput potential was scanned
between —100 mV and 200 mV vs. Ag/AgCl. The rate of
change of the mput potential was varied from 10 mV/s to
800 mV/s, as indicated 1in FIGS. 5A and 5B. Referring to
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FIG. 5B, when the scan rate was less than 50 mV/s, the
oxidative and reductive peak separation was around 30-40
mV. This separation indicates that the reduction of this
mediator was a two-electron process, which 1s close to the
theoretical limit of Nernstian behavior at 60 mV/2e.

The redox potential of the compound having general

formula (III), where X 1s bromine, was about 3 mV wvs.

Ag/AgCl 1n the 10 mM PBS bufler (pH 7.4), and was about
15 mV vs. Ag/AgCl 1n the mixture of 100 mM PBS (pH 7.0)
and 100 mM NaCl builer. These redox potentials are similar
to that of the conventional mediator (E)-2-(3H-phenothiaz-

ine-3-ylidenecamino )benzene-1,4-disulfonic acid (Structure
A), which 1s =50 mV vs. Ag/AgCl.

The open circuit voltage between the WE and the RE also

was measured for the compound having general formula
(III), where X 1s bromine. The open circuit voltage of the

11 mV vs. Ag/AgCl 1n the 10 mM PBS

bufler, which suggests that the mediator was 1n 1ts oxidized
state after synthesis.

compound was 1

Referring to FIG. 2, a compound having general formula

(I11), where X 1s bromine, can be used as a mediator for the

redox reaction correlating the glucose concentration of a
sample with an electrical signal. A 5 mm glassy carbon

clectrode served as a WE, Ag/Ag(Cl as a RE, and platinum

gauze as a CE. The mediator was present at a concentration
of 3 mg/mL 1n a mixture containing 10 mM PBS bufler (pH
7.4), and the 1nput potential was 100 mV vs. Ag/AgCl. The

output current increased as the glucose concentration

increased from 0 to 1.2 mM 1n the mixture. Thus, the
composition may be used as a mediator for the redox
reaction correlating the glucose concentration 1 a sample

with an electrical signal.

FIG. 6 depicts a method 600 of making a compound

having the general formula (III) and salts thereof. The
method 600 includes forming 601 10,10a-dihydro-3H-phe-

nothiazin-8-0l 624 from 8-methoxy-10,10a-dihydro-3H-
phenothiazine 620 and an acid 622; forming 602 a 8-(m-
haloalkoxy)-10,10a-dihydro-3H-phenothiazine 630 from
10,10a-dihydro-3H-phenothiazin-8-ol 624, a «.,w-dihaloal-
kane 626 and a base 628; and forming 603 a 2-(2-(m-
haloalkoxy)-3H-phenothiazin-3-ylideneamino )benzene-1,4-
disulfonic acid 638 from 8-(w-haloalkoxy)-10,10a-dihydro-
3H-phenothiazine 630, 2-aminobenzene-1,4-disulfonic acid
632, Na,S,O4 634 and a base 636. Product 638 1s an
example of a compound having the general formula (III).

FIG. 7 depicts chemical structures and reaction schemes
for an example of a method 700 of making a compound
having the general formula (I11I), where X 1s bromine and the

compound 1s present as the disodium salt. Method 700
includes forming 10,10a-dihydro-3H-phenothiazin-8-ol 724
from 8-methoxy-10,10a-dihydro-3H-phenothiazine 720 and
HCl1 722; forming 8-(8-bromooctanoxy)-10,10a-dihydro-
3H-phenothiazine 730 from 10,10a-dihydro-3H-phenothi-
azin-8-ol 724, 1,8-dibromooctane 726 and potassium car-

bonate 728; and forming 2-(2-(8-bromooctanoxy)-3H-
phenothiazin-3-ylideneamino)benzene-1,4-disulfonic  acid
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738 from 8-(8-bromooctanoxy)-10,10a-dihydro-3H-phe-
nothiazine 730, 2-aminobenzene-1.4-disulfonic acid 732,
Na,S,0, 734 and sodium hydroxide 736. Product 738 1s an
example of a compound having the general formula (I1II).

A non-leaching mediator polymer may include a poly-
meric backbone and a plurality of functional groups bonded
to the polymeric backbone, where the functional groups may
be oxidized or reduced. In one example, the plurality of
functional groups may include a plurality of phenothiazine

groups bonded to the polymeric backbone. A phenothiazine
group bonded to a polymeric backbone may include at least
one of a phenothiazine group having the general formula

(IV):

(IV)

SO;H

HO;S

and salts thereof, where n 1s about 9 and “R” represents the
polymeric backbone to which the phenothiazine group 1s

bonded, and a phenothiazine group having the general
formula (V):

N N N -
AN NN
p SO;H
o™ N\

and salts thereof, where n 1s about 9 and “R” represents the

polymeric backbone to which the phenothiazine group 1s
bonded.

Preferably the plurality of functional groups are bonded to
the polymeric backbone through carbon-heteroatom bonds.
I1 the plurality of functional groups includes a phenothiazine
group having formula (IV) or (V), the phenothiazine group
preferably 1s bonded to the polymeric backbone through an
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cther group, an ester group, a carbonate group, a urea group,
a urcthane group, an amine group, an amide group, a
thioether group, a thiourea group or a sulfonamide group.

A non-leaching mediator polymer that includes a poly-
meric backbone and a plurality of functional groups bonded
to the polymeric backbone, where the functional groups may
be oxidized or reduced, may include a polymer having the
general formula (VI):

(VD)

CO,H

and salts thereof, where n 1s about 9, where x and vy
independently are an integer from 1 to 100,000, and where
7z 1s an integer from 0 to 100,000.

Preferably, the sum of X, y, and z 1n the polymer having
the general formula (VI) 1s from 100 to 100,000. More
preferably the sum of X, y, and z 1s from 300 to 10,000.

Preferably x and v independently are an integer from 10 to
2,000. More preferably x and v independently are an integer
from 20 to 1,000, and more preferably are an integer from

40 to 300. Preferably the mole fraction of x and y 1s from
0.05 to 0.9, where the mole fraction of x and vy 1s calculated

as (Xx+y)/(x+y+z). More preferably the mole fraction of x and
y 1s from 0.07 to 0.7, and more preferably 1s from 0.1 to 0.5.

A non-leaching mediator polymer that includes a poly-
meric backbone and a plurality of functional groups bonded
to the polymeric backbone, where the functional groups may
be oxidized or reduced, may include a polymer having the

general formula (VII):
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(VID)
SO;H

)OSR

H3C /7 (CHy),

HO;S

Br
¥
| Br N+ N}F 1.
H3C CH3 (T
(CH;z)H\@: m
SO;H
HO;S

and salts thereof, where n 1s about 9, where x and vy

independently are an integer from 1 to 10,000, and where z
10,000.

Preferably, the sum of X, v, and z 1n the polymer having
the general formula (VI) 1s from 10 to 10,000. More pret-
erably the sum of X, y, and z 1s from 20 to 1,000. Preferably
x and vy independently are an integer from 1 to 70. More
preferably x and y independently are an integer from 2 to 20,
and more preferably are an integer from 30 to 10. Preferably
the mole fraction of x and y 1s from 0.05 to 0.9. More
preferably the mole fraction of x and vy 1s from 0.07 to 0.7,
and more preferably 1s from 0.1 to 0.5.

FIGS. 8A and 8B depict graphs illustrating output cur-
rents from mediator reduction 1 response to an input
potential. The mediator was present as a polymer having

structure (VI) (FIG. 8A) or (VII) (FIG. 8B). For each
polymer, the mole fraction of x and y was presumed to be

1s an integer from O to

/O

(HZC)H

CUL

HO5S

SO;H
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0.1. A 5 mm glassy carbon electrode served as a working
clectrode (WE), Ag/Ag(Cl as a reference electrode (RE), and
platinum gauze as a counter electrode (CE). In FIG. 8A, the
mediator composition was present at a concentration of 0.6
mg/mL 1n a mixture containing 10 mM PBS butler (pH 7.4).
In FIG. 8B, the mediator composition was present at a
concentration of 0.504 mg/mL 1n a mixture containing 10
mM PBS bufler (pH 7.4). The concentrations of the poly-
mers in their respective compositions were selected to
provide approximately the same moles of phenothiazine
groups 1n each composition. The mixtures were purged with
nitrogen for 20 minutes before analysis using cyclic volta-
mmetry. The input potential was scanned between -250 mV
and 250 mV vs. Ag/AgCl. The rate of change of the mput
potential was varied from 10 mV/s to 100 mV/s, as indicated
in FIGS. 8A and 8B.

Retferring to FIG. 8A, the redox peak potential for the
mediator composition including a polymer having structure
(V1) was about 431 mV vs. Ag/AgCl. The oxidative and
reductive peak separation was about 31.5 mV. This separa-
tion indicates that the reduction of this composition was a
two-electron process, which 1s close to the theoretical limit
of Nernstian behavior at 60 mV/2e. The diflusion coethicient
for the polymer was calculated to be about 3.5x107° cm?/s,
for both the oxidized and reduced forms of the functional
groups.

Referring to FIG. 8B, the redox peak potential for the
mediator composition including a polymer having structure
(VII) was about +71 mV vs. Ag/Ag(Cl. The oxidative and
reductive peak separation was about 66 mV. This larger
separation relative to that of the theoretical limit of Nerns-
tian behavior may indicate some irreversibility 1n the oxi-
dation and reduction of the functional groups of structure
(VII). The diffusion coeflicient for the polymer having
reduced functional groups was calculated to be about 7x10~®
cm?/s, and the diffusion coeflicient for the polymer having
oxidized functional groups was calculated to be about
4x107° cm?/s.

A non-leaching mediator polymer that includes a poly-
meric backbone and a plurality of functional groups bonded
to the polymeric backbone, where the functional groups may
be oxidized or reduced, may include a polymer having the

general formula (VIII):

(VIID)
OH

OH
O\/I\/Q R’W
L(CHz)ﬂ

NS N

~ )
A NN
HO5S ‘ N
N

SO3H
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and salts thereof, where R' 1s an organic group, where m 1s
0 or 1, where n 1s about 9, and where x and y independently
are an integer from 1 to 10,000.

Preferably, the sum of X and y 1n the polymer having the
general formula (VIII) 1s from 10 to 10,000. More preferably
the sum of x and v 1s from 20 to 1,000. Preferably x and vy
independently are an 1nteger from 1 to 70. More preferably
x and v independently are an integer from 2 to 20, and more
preferably are an integer from 30 to 10.

Preferably m 1s 1, and R' 1s an organic group in the
polymer having the general formula (VIII). The R' group
may include an aliphatic group, such as a methyl group, an
cthyl group, a propyl group, a butyl group, 1,4-butanedioxy
group, a 1,3-butanedioxy group, a 1,4-cycloheanedimethoxy
group, a 1,3-dioxy-2-propanol group, a diethylene glycoxy
group, a neopentyl glycoxy group, an a,m-oxy-poly(ethyl-
ene glycol) group, or an o,m-oxy-poly(propyvlene glycol)
group. The R' group may include an aryl group, such as a
bisphenol A group, a resorcinol group, a bisphenol A
Propoxy group, or a bis-(4-oxyphenyl) group. The R' group
may include a siloxane group, such as an a,m-2-ethoxy-poly
(dimethylsiloxane) group. The R' group may include a
mixture of these groups, and more than one type of R' group
may be present in the polymer. Preferably the R' group 1s an
alkyl group having from 1 to 10 carbon atoms, such as a
methyl group, an ethyl group, a propyl group, or a butyl
group. More preferably, the R' group 1s an alkyl group
having from 1 to 6 carbon atoms or from 1 to 4 carbon
atoms, and more preferably 1s an ethyl group.

A non-leaching mediator polymer may be made by react-
ing one or more compounds having general formula (1), (II)
and/or (III) with a polymer having a precursor polymeric
backbone and a plurality of nucleophilic groups bonded to
the precursor polymeric backbone. Examples of nucleop-
hilic groups that may be bonded to the precursor polymeric
backbone 1include thiol groups, cyano groups, alcohol
groups, carboxylate groups, amino groups and amido
groups.

Examples of polymers having a precursor polymeric
backbone and a plurality of nucleophilic groups bonded to
the precursor polymeric backbone include polymers and
copolymers formed from monomers containing nucleophilic
groups, 1ncluding N-thioethyl acrylamide, N,N'-cystamine
bisacrylamide, cyanoacrylate, acrylonitrile, vinyl alcohol,
hydroxystyrene, vinyl acetate, acrylic acid, methacrylic
acid, aminoethyl methacrylate, vinyl pyridine, 4-vinylpyri-
dine-N-oxide, allylamine, ethyleneimine, diallylmethylam-
ine, lysine and/or acrylamide. Copolymers formed from the
above monomers preferably are formed from mixtures of the
monomers containing nucleophilic groups and monomers
without the nucleophilic groups. Examples of polymers
having a precursor polymeric backbone and a plurality of
nucleophilic groups bonded to the precursor polymeric
backbone also include cellulose and its derivatives, includ-
ing carboxymethyl cellulose, ethyl cellulose and cellulose
acetate. Presently preferred polymers having a precursor
polymeric backbone and a plurality of nucleophilic groups
bonded to the precursor polymeric backbone include poly
(p-carboxyl-y-(2-mercaptoethyl)carbamoyl-butene), poly
(diallyl-methylamine) hydrochloride, 4-vinylpyridine-N-ox-
ide, poly(allylamine) and poly(ethyleneimine).
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FIG. 9 depicts a method 900 of making a polymer. The

method 900 includes forming 902 a polymer having a
polymeric backbone and a plurality of phenothiazine groups

bonded to the polymeric backbone 930, from a polymer
having a precursor polymeric backbone and a plurality of
nucleophilic groups bonded to the precursor polymeric
backbone 910, and a mixture of 2-(8-(w-haloalkyl)-3H-
phenothiazin-3-ylideneamino)benzene-1,4-disulfonic  acid
920 and  2-(2-(w-haloalkyl)-3H-phenothiazin-3-ylide-
neamino ))benzene-1,4-disulfonic acid 922. The method 900
optionally 1includes forming 901 a polymer having a precur-

sor polymeric backbone and a plurality of nucleophilic
groups bonded to the precursor polymeric backbone 910.
The polymer 930 may be, for example, a polymer having the
general formula (VI) or a polymer having the general
formula (VII).

Reactants 920 and 922 correspond to compounds 376 and
378 of FIG. 3, respectively. Preferably the 2-(8-(w-ha-
loalkyl)-3H-phenothiazin-3-ylideneamino )benzene-1,4-dis-
ultonic acid 920 1s a 2-(8-(w-bromoalkyl)-3H-phenothiazin-
3-ylideneamino)benzene-1,4-disulfonic acid, and more
2-(8-(10-bromodecyl)-3H-phenothiazin-3-
ylideneamino)benzene-1,4-disulfonic acid (see 476 of FIG.
4). Preferably the 2-(2-(w-haloalkyl)-3H-phenothiazin-3-
ylideneamino )benzene-1,4-disulfonic acid 922 1s a 2-(2-(m-

preferably  1s

bromoalkyl)-3H-phenothiazin-3-ylideneamino )benzene-1,
2-(2-(10-
bromodecyl)-3H-phenothiazin-3-ylidencamino)benzene-1,

4-disulfonic acid (see 478 of FIG. 4).
FIG. 10A depicts chemical structures and reaction

4-disulfonic acid, and more preferably 1s

schemes for a method 1000 of making a composition
including a polymer having the general formula (VI).
Method 1000 includes forming poly(f3-carboxyl-y-(2-mer-

captoethyl)carbamoyl-butene) 1010 from poly(ethylene-alt-
maleic anhydrnide) 1012 and 2-aminoethanethiol hydrochlo-
ride 1014. The polymer 1010 includes thiol groups (—SH)

as the plurality of nucleophilic groups bonded to the pre-

cursor polymeric backbone. Method 1000 further includes
forming polymer 1030 from a mixture of the poly([3-car-
boxyl-y-(2-mercaptoethyl)carbamoyl-butene) 1010, 2-(8-
(w-bromoalkyl)-3H-phenothiazin-3-ylideneamino )benzene-
1,4-disulfonic acid 1020 and 2-(2-(w-bromoalkyl)-3H-

phenothiazin-3-ylideneamino)benzene-1,4-disulfonic  acid
1022. Reactants 1020 and 1022 are examples of compounds
376 and 378 of FIG. 3, respectively.

In one example, 2-aminoethanethiol hydrochloride 1014
(3.50 g of 90% pure material, 43.8 mmol) was suspended 1n
cther (50 mL) under a nitrogen atmosphere. A solution of
triethylamine (39.7 mmol, 4.01 g, 5.53 mL) in ether (20 ml)
was added dropwise to the suspension over fifteen minutes
to form a first reaction mixture. The first reaction mixture
was stirred overmight and was then filtered. The filtered
mixture was added to a solution of poly(ethylene-alt-maleic
anhydride) 1012 (PEMA; molecular weight of 100,000-500,
000 daltons, 5 g, 40 mmol) 1n acetone (70 mL) to form a
second reaction mixture. The mixture was stirred overnight
before removing the precipitate by filtration. The precipitate
was washed with acetone (350 ml), stirred 1n fresh acetone

(50 ml) for ten minutes and filtered. The solid was dried 1n
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a vacuum oven for 48 hours to provide poly(p-carboxyl-y-
(2-mercaptoethyl)-carbamoyl-butene) 1010 as a pale yellow
solid (6.15 g; 76% vyield).

Polymer 1010 was then suspended 1n dimethyl formamide
(DMF; 2 mL) and stirred for 1 hour. A mixture of 2-(8-(10-
bromodecyl)-3H-phenothiazin-3-ylideneamino )benzene-1,
4-disulfonic acid (see 1020 and 476) and 2-(2-(10-bromo-
decyl)-3H-phenothiazin-3-ylideneamino )benzene-1,4-
disulfonic acid (see 1022 and 478) (17 mg, 23.9
micromoles) was added to the suspension to form a reaction

mixture. The reaction mixture was stirred at ambient tem-
perature for 1 week, and was then diluted with 4 mL water

and transierred to SnakeSkin® dialysis tubing having a
molecular weight cutol (MWCO) of 7,000 daltons and

contaiming 1 mlL of water. The dialysis tubing was closed

with a clip and placed in a 2 L beaker containing 1,600 mL
water. The water was gently stirred for 2-3 days before being,
exchanged with fresh water. Each time the water was
exchanged, a sample of the liquid in the dialysis tubing was

analyzed by thin layer chromatography (TLC; silica, metha-

nol:ethyl acetate ratio of 9:1) to test for the presence of 1020

and 1022. After 3 exchanges with fresh water, the water was
exchanged with a 3-5% brine solution. The brine was
exchanged every 2-3 days, and the process repeated 6 times.
The dialysis took approximately 3 weeks 1n total until there
was no detectable 1020 or 1022 1n the liquid in the dialysis
tubing. The brine was then exchanged with water, and the
stirring continued for two hours. The water was exchanged
with fresh water 5 times to remove any sodium chloride
from inside the dialysis tubing. The liquid was removed
from the dialysis tubing and used without further purifica-
tion as a mixture contaimng polymer 1030.

FIG. 10B depicts chemical structures and reaction
schemes for a method 10350 of making a composition
including a polymer having the general formula (VII).
Method 10350 includes forming polymer 1070 from a mix-
ture of poly(diallyl-methylamine) hydrochloride 1060, 2-(8-
(w-bromoalkyl)-3H-phenothiazin-3-ylideneamino )benzene-
1,4-disulfonic acid 1020 and 2-(2-(w-bromoalkyl)-3H-
phenothiazin-3-ylideneamino ))benzene-1,4-disulfonic  acid
1022. The polymer 1060 includes amine groups (R,N—
CH,) as the plurality of nucleophilic groups bonded to the
precursor polymeric backbone. Reactants 1020 and 1022 are
examples of compounds 376 and 378 of FIG. 3, respectively.

In one example, a mixture of 2-(8-(10-bromodecyl)-3H-
phenothiazin-3-ylideneamino)benzene-1,4-disulfonic  acid
(see 1020 and 476) and 2-(2-(10-bromodecyl)-3H-phenothi-
azin-3-ylideneamino)benzene-1,4-disulfonic acid (see 1022
and 478) (20 mg, 28.1 micromoles) was weighed into a 5 mL
vial and dissolved in DMSO (2 mL). Poly(diallylmethylam-
ine) hydrochloride 1060 having a molecular weight of
20,000 daltons (100 microliters of 50% solution 1n water, 2.5
micromoles) was added in one portion to the mixture of
1020 and 1022 to form a reaction mixture. The reaction
mixture was stirred at ambient temperature for 1 week, and
was then transferred to SnakeSkin® dialysis tubing having
a MWCO of 7,000 daltons and containing 2 mL of water.
The dialysis tubing was closed with a clip and placed in a 2
L. beaker containing 1,600 mL water. The water was gently
stirred for 2-3 days before being exchanged with fresh water.
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Each time the water was exchanged, a sample of the liquid
in the dialysis tubing was analyzed by TLC (silica, metha-
nol:ethyl acetate ratio of 9:1) to test for the presence of 1020

and 1022. After 3 exchanges with fresh water, the water was
exchanged with a 3-5% brine solution. The brine was

exchanged every 2-3 days, and the process repeated 30
times. The dialysis took approximately 11 weeks 1n total
until there was no detectable 1020 or 1022 1n the liquid 1n
the dialysis tubing. The brine was then exchanged with
water, and the stirring continued for two hours. The water
was exchanged with fresh water 5 times to remove any
sodium chloride from inside the dialysis tubing. The liquid
was removed from the dialysis tubing and used without
further purification as a mixture containing polymer 1070.

A non-leaching mediator polymer may be made by react-
ing one or more compounds having general formula (IX):

(IX)

HO\/\N A

‘ XX
F N Xy
SO3H
HO;S
and/or having general formula (X):
(X)

HO\/\N A

NN
e W G
y ‘ SO,H
Hogs/ X

or salts thereof, with a compound having a plurality of
polymerizable groups. In formulas (IX) and (X), n 1s about
9. Examples of polymerizable groups include epoxide
groups, 1socyanate groups, carboxylic acid groups, and
anhydride groups.

FIG. 11 depicts a method 1100 of making a composition
including at least one compound having the general formula
(IX) or (X) and salts thereof. The method 1100 includes
forming 1101 a 2-(w-(bis(w-hydroxyalkyl)amino)alkyl)-
wH-phenothiazine 1120 from a 2-(w-haloalkyl)-wH-phe-
nothiazine 1110, a dialkanolamine 1112, and a base 1114;
and forming 1102 a mixture of 2-(8-(w-(bis(w-hydroxy-
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alkyl)amino )alkyl)-3H-phenothiazin-3-ylideneamino )ben-
zene-1,4-disulfonic acid 1130 and 2-(2-(w-(bis(w-hydroxy-
alkyl)amino)alkyl)-3H-phenothiazin-3-ylideneamino)
benzene-1,4-disulfonic acid 1132 from 1120,
2-aminobenzene-1,4-disulfonic acid 1122 and Na,S,Oq
1124. Products 1130 and 1132 are examples of compounds
having the general formula (IX) and (X), respectively.

Preferably  the  2-(8-(w-(bis(w-hydroxyalkyl)amino)
alkyl)-3H-phenothiazin-3-ylideneamino )benzene-1.,4-disul- 1,
fonic acid 1130 1s a 2-(8-(w-(bis(2-hydroxyethyl)amino)
alkyl)-3H-phenothiazin-3-ylidenecamino )benzene-1,4-
disulfonic acid, and more preferably 1s 2-(8-(10-(bis-2-
hydroxyethylamino)alkyl)-3H-phenothiazin-3-
ylideneamino )benzene-1,4-disulfonic acid. Preferably the
2-(2-(w-(b1s(mw-hydroxyalkyl)amino)alkyl)-3H-phenothi-
azin-3-ylideneamino)benzene-1,4-disulfonic acid 1132 1s a
2-(2-(w-(b1s-2-hydroxyethylamino)alkyl)-3H-phenothiazin-
3-ylideneamino )benzene-1,4-disultonic acid, and more pret-
erably 1s 2-(2-(10-(bis-2-hydroxyethylamino)alkyl)-3H-
phenothiazin-3-ylideneamino )benzene-1,4-disulfonic acid.

FIG. 11 also depicts a method 1103 of forming a polymer
having a polymeric backbone and a plurality of phenothi-
azine groups bonded to the polymeric backbone 1150, from 2>
adiepoxide 1140, and a mixture of 2-(8-(mw-(bis(w-hydroxy-
alkyl)amino)alkyl)-3H-phenothiazin-3-ylideneamino )ben-
zene-1,4-disultfonic acid 1130 and 2-(2-(w-(bis(w-hydroxy-
alkyl)amino )alkyl)-3H-phenothiazin-3-ylideneamino)
benzene-1,4-disulfonic acid 1132. The polymer 1150 may
be, for example, a polymer having the general formula
(VIII). Preferably the diepoxide 1140 1s a diepoxyalkane,
and more preferably 1s 1,2,7,8-diepoxyoctane.

FI1G. 12 depicts chemical structures and reaction schemes 35
for a method 1200 of a) making a composition including at
least one compound having the general formula (IX) or (X)
and salts thereotf, and b) making a composition including a
polymer having the general formula (VIII). Method 1200
includes forming 2-(w-(bis-2-hydroxyethylamino)alkyl)-w
H-phenothiazine 1220 from 2-(w-bromoalkyl)-mH-phe-
nothiazine 1210, diethanolamine 1212, and sodium carbon-
ate 1214. Reactant 1210 1s an example of compound 372 of
FIG. 3. Method 1200 further includes forming a mixture of 45
2-(8-(mw-(b1s-2-hydroxyethylamino)alkyl)-3H-phenothiazin-
3-ylideneamino )benzene-1,4-disulfonic acid 1230 and 2-(2-
(w-(bis-2-hydroxyethylamino )alkyl)-3H-phenothiazin-3-
ylideneamino)benzene-1,4-disulfonic acid 1232 from the
2-(m-(bis-2-hydroxyethylamino)alkyl)-wH-phenothiazine
1220, 2-aminobenzene-1.,4-disulfonic acid 1222 and

Na,S,0O, 1224. Products 1230 and 1232 are examples of

compounds having the general formula (IX) and (X), respec-
tively. 55

Method 1200 of FIG. 12 further includes forming poly-
mer 1250 from the mixture of 2-(8-(w-(bi1s-2-hydroxyethyl-
amino )alkyl)-3H-phenothiazin-3-ylideneamino )benzene-1,
4-disultonic acid 1230 and 2-(2-(mw-(b1s-2-
hydroxyethylamino)alkyl)-3H-phenothiazin-3-
ylideneamino )benzene-1.,4-disulfonic acid 1232 and a
diepoxide 1240.

In one example, 2-(10-bromodecyl)-mwH-phenothiazine
(1210) was combined with diethanolamine 1212 (1.1 5
equivalents), and sodium carbonate 1214 (2.2 equivalents)
in acetonitrile to form a first reaction mixture, and the first
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reaction mixture was heated at retflux overnight. An aqueous
workup of the reaction mixture yielded 2-(10-(bis-2-hy-
droxyethylamino)decyl)-oH-phenothiazine (1220) 1n nearly
quantitative yield (97% purity by high-performance liquid
chromatography (HPLC)). The product was added to a
solution of 2-aminobenzene-1.,4-disulfonic acid 1222 and
Na,S,0, 1224 1n a mixture of THF and water to form a
second reaction mixture, and product was present by liquid
chromatograph/mass spectrometry (LCMS) after 30 minutes
at room temperature. The second reaction mixture was
poured 1nto a saturated aqueous sodium bicarbonate solu-
tion, vielding a precipitate that was 1solated by filtration. The
precipitate was determined to be a mixture of 2-(8-(10-(bis-
2-hydroxyethylamino)decyl)-3H-phenothiazin-3-ylide-
neamino )benzene-1,4-disulfonic acid (1230) and 2-(2-(10-
(bis-2-hydroxyethylamino)decyl)-3H-phenothiazin-3-
ylideneamino)benzene-1.,4-disulfonic  acid (1232) by
LCMS. The purity of the mixed product was 83%, with a
total yield of 33%.

The muxture of 2-(8-(10-(bis-2-hydroxyethylamino)de-
cyl)-3H-phenothiazin-3-ylidencamino)benzene-1,4-disulio-
nic acid (1230) and 2-(2-(10-(bis-2-hydroxyethylamino )de-
cyl)-3H-phenothiazin-3-ylidencamino)benzene-1,4-
disulfonic acid (1232) was dissolved in THF and treated
with sodium hydnide (NaH, 2.2 equivalents) and stirred for
10 minutes at room temperature. The diepoxide (1240)
1,2,7,8-diepoxyoctane (1.1 equivalents) was then added to
form a third reaction mixture, which was heated at 55° C. for
one week. Analysis of a sample of the third reaction mixture
by TLC showed a baseline spot having a low intensity, the
continued presence of the starting material, and some streaks
close to the starting material. The third reaction mixture was
heated to 55° C. again for an additional week, and subse-
quent analysis by TLC was similar to the first analysis,
except that the baseline spot was slightly more intense. The
third reaction mixture was then heated to reflux for one
week, and subsequent analysis by TLC showed no change
from the previous analysis. The precipitate was 1solated and
dissolved in water, yielding a red aqueous solution and a
residual insoluble precipitate. The aqueous solution was
believed to contain polymer 1230.

A non-leaching mediator polymer may be made by react-
ing a polymer having a precursor polymeric backbone and a
plurality of reactive functional groups bonded to the pre-
cursor polymeric backbone, with a compound having a first
functional group that may be oxidized or reduced and having
a second functional group that can react with the reactive
functional groups bonded to the precursor polymeric back-
bone. The compound having a first functional group that
may be oxidized or reduced and having a second functional
group that can react with the reactive functional groups
bonded to the precursor polymeric backbone may be a
polymer bondable mediator. A polymer bondable mediator
includes a mediator that can be bonded to a polymer.

Compounds having the general formulas (I), (II) and/or
(III) may be usetul as polymer bondable mediators. The
terminal halogen group may be reacted with a functional
group of a polymer, bonding the mediator to the polymer.
Bonding includes covalent bonding where an electron pair 1s
shared between two atoms. The terminal halogen group may
be converted into a different functional group, and this
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modified mediator may then be bonded to a polymer. The
polymer may be a binder of a reagent composition for an
clectrochemical biosensor.

FIG. 13 depicts examples of polymer bondable mediators
having terminal functional groups other than halogen. These
examples are based on compounds having the general for-
mula (I); however, similar dernivatives of compounds having
the general formulas (II) or (III) are envisioned. The exem-
plary terminal functional groups depicted in FIG. 13 are,
clockwise from top, hydroxyl, aldehyde, ester (R'=organic
group), carboxylic acid, amine, amide, azide and alkyne
groups.

A non-leaching mediator polymer may be made by
polymerizing monomers, where the monomers include a
compound having a first functional group that may be
oxidized or reduced and having a second functional group
that can participate 1n a polymerization or copolymerization
reaction. The compound having a first functional group that
may be oxidized or reduced and having a second functional
group that can participate in a polymerization or copoly-
merization reaction may be a polymerizable mediator. A
polymerizable mediator includes a mediator that can polym-
erize to form a polymer, or that can copolymerize with other
monomers to form a copolymer.

Compounds having the general formulas (I), (II) and/or
(III) may be useful as intermediates for preparing polymer-
1zable mediators. The terminal halogen group may be con-
verted mto a functional group capable of polymerization or
copolymerization. For example, the terminal halogen may
be converted into a carbon-carbon double or triple bond.
This modified mediator having a terminal unsaturated group
may then polymerize or copolymerize through radical,
anionic and/or cationic polymerization. The terminal halo-
gen also may be converted into a functional group that can
undergo a condensation reaction. This modified mediator
having a terminal functional group may then polymerize or
copolymerize through a condensation polymerization. The
resulting polymer may be used as a binder of a reagent
composition for an electrochemical biosensor.

FIG. 14 depicts examples of polymerizable mediators
having terminal functional groups other than halogen. These
examples are based on compounds having the general for-
mula (I); however, similar derivatives of compounds having,
the general formulas (II) or (III) are envisioned. The exem-
plary terminal functional groups depicted in FIG. 14 are,
clockwise from top, alkene, alkyne, acrylate, methacrylate,
epoxide, phenol, isocyanate and silanol groups (RZ,
R7=organic groups).

The examples depicted 1n FIG. 14 also may be used as
polymer bondable mediators, depending on the functional
groups bonded to the precursor polymeric backbone. Like-
wise, the examples depicted 1 FIG. 13 also may be used as
polymerizable mediators, depending on the polymerization
reaction conditions and/or on the copolymerization reactiv-
ity ol other monomers. In one example, a mediator having
a terminal alkyne group 1s depicted in both FIG. 13 and 1n
FIG. 14. In another example, a compound having the general
formula (IX) or (X) 1s a species of the mediator having a
terminal amine group depicted 1n FIG. 13.

Compounds having the general formulas (I), (II) and/or
(III) also may be useful as surface active mediators. A
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surface active mediator 1s a non-bonded mediator that
includes a hydrophobic portion and a hydrophilic portion.
For compounds having the general formulas (1), (II) and/or
(I1I), the alkyl chain group may function as the hydrophobic
portion, whereas the benzene 1,4-disulfonic acid group may
function as the hydrophilic portion. The compounds also
may be modified by converting the terminal halogen group
into a more hydrophobic group, such as an alkyl group, to
further increase the difference in solubility of the two
portions ol the mediators.

Polymer bondable mediators, polymerizable mediators
and/or surface active mediators may be used to provide
immobilized mediators for electrochemical bioanalysis.
While the benzene 1,4-disulfonic acid group of the com-
pound may be sufliciently solubilized in an aqueous sample
to interact with an analyte and/or an enzyme, the alkyl chain
group ol the compound may have a solubility 1n the sample
that 1s so low as to inlibit the entire compound from
dissolving in the sample. The overall solubility of the
mediator may be further diminished when the mediator 1s
bonded to a polymer. Thus, compounds having the general
formulas (I), (II) and/or (III), derivatives of these com-
pounds bonded to a polymer, polymers having a polymeric
backbone and a plurality of phenothiazine groups bonded to
the polymeric backbone, and/or polymers having structure
(V1) or (VII) may be useful as mediators having little or no
ability to leach into a sample.

While various embodiments of the invention have been
described, 1t will be apparent to those of ordinary skill 1n the

art that other embodiments and implementations are possible
within the scope of the invention. Accordingly, the invention
1s not to be restricted except 1n light of the attached claims
and their equivalents.

What 1s claimed 1s:
1. A polymer, comprising the general formula (VII):

SO;H
HO;S” ;
Naw S
j: I\
N

(VID)

_ H3C\ /7(53H2)H
Br N
Y
Brm *N* NH*
/ h _ | cr_z
HBC CH3
(CH,), N
Ny
S Xy
SO,H
HO;S

and salts thereof:;
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where n 1s about 9,
x and v independently are an integer from 1 to 10,000, and
7Z 1s an mteger from 0 to 10,000.

2. The polymer of claim 1, wherein the mole fraction of
X and y 1s from 0.05 to 0.9.

3. A method of making the polymer of claim 1, compris-
ng:

forming the polymer from
poly(diallylmethylamine), and

a mixture of 2-(8-(w-haloalkyl)-3H-phenothiazin-3-
ylideneamino )benzene-1,4-disulfonic acid and 2-(2-
(w-haloalkyl)-3H-phenothiazin-3-ylideneamino)
benzene-1,4-disulfonic acid.

4. The method of claim 3, further comprising:

forming the mixture of 2-(8-(w-haloalkyl)-3H-phenothi-

azin-3-ylideneamino)-benzene-1,4-disulfonic acid and
2-(2-(w-haloalkyl)-3H-phenothiazin-3-ylideneamino)-
benzene-1,4-disulfonic acid.

5. The polymer of claim 2, wherein the mole fraction of
X and y 1s from 0.07 to 0.7.

6. The polymer of claim 5, wherein the mole fraction of
x and y 1s from 0.1 to 0.3.

7. The polymer of claim 1, wherein the sum of x, y and
z 1s from 10 to 10,000.

8. The polymer of claim 7, wherein the sum of x, y and
7 1s from 20 to 1,000.

9. The polymer of claim 1, wherein x and y independently
are an integer from 1 to 70.

10. The polymer of claim 9, wherein x and y indepen-
dently are an integer from 2 to 20.

11. The polymer of claim 10, wherein x and y indepen-
dently are an integer from 10 to 30.

12. An electrochemical test sensor comprising a working
electrode, a counter electrode and a mediator, the mediator

including a polymer comprising the general formula (VII):
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(VID)

SO.H
HO:S
N\ N
\N
C CH,),
s \ /7(_ 2)
Br N7
¥
Br /N+ 1. I IiJH‘F 1.
H;C CH, ¢
CH>), N
h \O: \EO\
S Y
SO;H
HO,S

and salts thereof;

where n 1s about 9,

x and y independently are an integer from 1 to 10,000, and

7z 1s an iteger from O to 10,000.

13. The test sensor of claim 12, wherein the mole fraction
of X and vy 1s from 0.05 to 0.9.

14. The test sensor of claim 13, wherein the mole fraction
of X and vy 1s from 0.07 to 0.7.

15. The test sensor of claim 14, wherein the mole fraction
of X and vy 1s from 0.1 to 0.5.

16. The test sensor of claim 12, wherein the sum of X, y
and z 1s from 10 to 10,000.

17. The test sensor of claim 16, wherein the sum of X, y
and z 1s from 20 to 1,000.

18. The test sensor of claim 12, wherein x and y inde-
pendently are an integer from 1 to /0.

19. The test sensor of claim 18, wherein x and y inde-
pendently are an integer from 2 to 20.

20. The test sensor of claim 19, wherein x and y inde-
pendently are an integer from 10 to 30.

21. The test sensor of claim 12 further including glucose
oxidase.

22. The test sensor of claim 12 further including glucose
dehydrogenase.
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